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SWEETs and their prokaryotic homologues are monosaccharide and disaccharide transporters that are present from Archaea to plants and humans [1] [2] [3] . SWEETs play crucial roles in cellular sugar efflux processes: that is, in phloem loading 4 , pollen nutrition 5 and nectar secretion 6 . Their bacterial homologues, which are called SemiSWEETs, are among the smallest known transporters 1, 3 . Here we show that SemiSWEET molecules, which consist of a triple-helix bundle, form symmetrical, parallel dimers, thereby generating the translocation pathway. Two SemiSWEET isoforms were crystallized, one in an apparently open state and one in an occluded state, indicating that SemiSWEETs and SWEETs are transporters that undergo rocking-type movements during the transport cycle. The topology of the triple-helix bundle is similar yet distinct to that of the basic building block of animal and plant major facilitator superfamily (MFS) transporters (for example, GLUTs and SUTs). This finding indicates two possibilities: that SWEETs and MFS transporters evolved from an ancestral triple-helix bundle or that the triple-helix bundle represents convergent evolution. In SemiSWEETs and SWEETs, two triple-helix bundles are arranged in a parallel configuration to produce the 6-and 6 1 1-transmembranehelix pores, respectively. In the 12-transmembrane-helix MFS transporters, four triple-helix bundles are arranged into an alternating antiparallel configuration, resulting in a much larger 2 3 2 triplehelix bundle forming the pore. Given the similarity of SemiSWEETs and SWEETs to PQ-loop amino acid transporters and to mitochondrial pyruvate carriers (MPCs), the structures characterized here may also be relevant to other transporters in the MtN3 clan [7] [8] [9] . The insight gained from the structures of these transporters and from the analysis of mutations of conserved residues will improve the understanding of the transport mechanism, as well as allow comparative studies of the different superfamilies involved in sugar transport and the evolution of transporters in general.
Sugars produced by photosynthesis are key energy sources for humans. In both plants and animals, sugars are transported across cellular membranes as a means of distribution throughout the body 10, 11 . While sugar transporters are essential for translocation in plants, human sugar transporters play critical roles in glucose homeostasis, and mutations in these transporters can lead to conditions such as diabetes, glucose malabsorption and epilepsy 10, 11 . Striking similarities exist among the sugar transporter proteins used by plants and animals. Animal and human genomes encode three major classes of sugar transporter: the MFS-type transporters of the GLUT family (SLC2 family) 11 , the sodium-dependent glucose transporters of the SGLT family (SLC5 family) 10 and the recently identified SWEET and SemiSWEET sugar transporters (SLC50 family) [1] [2] [3] . Plant genomes contain genes encoding GLUT transporter homologues (in particular the STP glucose/H 1 symporters and the SUT sucrose/H 1 symporters 12 ) and the SWEET transporters 1 . Major breakthroughs in understanding the transporter function resulted from solving atomic structures of the prototype of the MFS transporter family, lactose permease 13 , as well as of GLUT 14 and an SGLT 15 homologue. MFS and SGLT transporters have fundamentally different structures: MFS transporters are composed of four structurally related triple-helix bundles (THBs) arranged in an antiparallel format, whereas the structure core of SGLT consists of two five-transmembrane-helix bundles in an antiparallel arrangement. Until now, there has been limited information on the structure of SWEETs and their bacterial homologues, the SemiSWEETs 2, 3 . Plant SWEETs play crucial roles in intercellular transport and cellular secretion. Specific isoforms are key for cellular efflux as a first step in phloem loading 4 , pollen nutrition 5 and nectar secretion 6 , and they also play key roles in pathogen susceptibility 2, 4, 16 . The human genome contains a single SWEET homologue, which functions as a glucose transporter 2 . The finding that the Ciona intestinalis (vase tunicate) SWEET is essential indicates that animal and human SWEETs play important roles in physiology 17 . SWEETs are unique in that eukaryotic isoforms are predicted to be heptahelical with an internal THB repeat 2 , while prokaryotic SemiSWEET polypeptides contain only three transmembrane helices 3 . To determine the structure and function of SemiSWEETs and SWEETs, two SemiSWEETs were crystallized in different states. The basic unit in both structures is a THB arranged as a 1-3-2 bundle, and two THBs are arranged in parallel to form the conduit. Six transmembrane helices are thus sufficient to form the pore. Moreover, the detection of two distinct states indicates that SemiSWEETs and SWEETs do not function as sugar channels but rather as transporters that undergo rocking movements. We suggest that the eukaryotic heptahelical SWEETs form a similar structure in which a SemiSWEET-like dimer made from the internally repeated THB is fused via an inversion linker helix (transmembrane helix 4 (TM4)). We also show that pairs of tryptophan and asparagine residues in the pore are essential for SemiSWEET and SWEET function.
The structure of a SemiSWEET from Vibrio sp. N418 (Extended Data Fig. 1 ) was determined at 1.7 Å resolution from crystals grown in the lipid cubic phase (LCP) (Extended Data Table 1 ). The protomer of the Vibrio sp. SemiSWEET contains three transmembrane helices and a non-conserved extra amino-terminal amphipathic a-helix. Within the protomer, TM3 is sandwiched between TM1 and TM2, and there is little direct contact between TM1 and TM2 (Fig. 1 ). This arrangement of transmembrane helices has similarities to the triple-helix repeat of MFS transporters 18 , although SemiSWEETs and MFSs do not show sequence homology (Supplementary Discussion and Extended Data Figs 6 and 7b). The orientation of the protomer relative to the membrane was inferred using the 'inside-positive rule' 19 , which is in good agreement with the observation that the carboxy terminus of Arabidopsis thaliana SWEET11 is phosphorylated in vivo 20 .
In the Vibrio sp. SemiSWEET crystal, two molecules that are related by a two-fold axis perpendicular to the membrane tightly interact to form a dimer (Fig. 1b and Extended Data Fig. 2 ). At the dimer interface, TM1 of one protomer is packed against TM2 of the other protomer, and TM2 of the first-mentioned protomer is packed against TM1 of the other protomer. When viewed from the extracellular side, the backbone of the dimer forms a basket-like structure, with an opening to the extracellular side, while the intracellular side is sealed by loops L1-2 (Fig. 1b) . Several lines of evidence support the physiological relevance of dimer formation. First, the interface between the subunits is extensive, encompassing ,1,970 Å 2 . Second, the dimer is formed in the lipid bilayer environment of the crystal (Extended Data Fig. 2 ). The majority of non-packing hydrophilic residues within the membrane point to the centre of the dimer interface, compatible with a putative translocation route at the interface of the subunits. Third, consistent with the structure, Vibrio sp. SemiSWEET dimerizes in solution and remains a dimer during SDS-PAGE, indicating stable dimer assembly (Extended Data Fig. 3a) . Crosslinked Bradyrhizobium japonicum SemiSWEET 3 products also migrate as dimers (Extended Data Fig. 3b ). Together, our structural and biochemical observations strongly suggest formation of the transport pore of Vibrio sp. SemiSWEET by a dimer.
From bioinformatic analyses (for example, using the database Pfam), SemiSWEETs belong to the MtN3 clan and are distantly related to the PQ-loop family in this clan, a family that is defined by a conserved PQ-dipetide motif 7, 21, 22 . In contrast to the assumption that the PQ motif is positioned in a loop region, this motif is embedded in the membrane and is part of TM1 in Vibrio sp. SemiSWEET (Fig. 1d) . The role of the conserved glutamine in SemiSWEETs is revealed by analysing the dimer interface: the CO and NH moieties of the side chain amide group of Q29 form hydrogen bonds with the NH and CO from two consecutive backbone amides immediately N-terminal to TM2 of the other protomer, not only bringing the L1-2 loop to the dimer interface but stabilizing the L1-2 loop conformation (Fig. 1d) . The proline preceding the glutamine induces a kink in the helix, probably increasing the flexibility of the transmembrane helix, thereby allowing formation of the glutamine-backbone interaction or potentially facilitating the disruption of the interaction during the transport cycle.
The crystal structure indicates that the three-transmembrane-helix protomer cannot form an enclosed compartment for substrate transport. Instead, there is a solvent-filled cavity between the two protomers at the central two-fold axis (Fig. 1e) . The cavity transverses approximately half way across the membrane and is completely separated from the lipid bilayer by the surrounding six transmembrane helices but remains accessible from the extracellular side (Fig. 1c) . This open cavity measures 9.2 Å at the narrowest point and is sufficient to allow small molecules to freely diffuse in or out. Of the amino acids lining the cavity, W59 and N75 (Fig. 1e) are the most conserved across species, constituting the only two invariant residues in 66 analysed SemiSWEET sequences. Both residues strategically sit at a similar level above the bottom of the open cavity. Their side chains surround the centre of the cavity, forming a putative binding pocket, and are most probably within the range to interact with substrates given the size and geometry of the cavity. It is noteworthy that both residues are also highly conserved in the three-transmembrane-helix repeats of SWEETs 2,4 and MPC2 (refs 8, 9) , supporting their functional importance.
To further investigate the transport mechanism, we focused on a SemiSWEET from Leptospira biflexa serovar Patoc that has significant homology (44% identity and 63% similarity) to the known sugar transporter B. japonicum SemiSWEET 3 (Extended Data Fig. 1 ). The structure LETTER RESEARCH of L. biflexa SemiSWEET was determined at 2.4 Å resolution from crystals grown in the LCP (Extended Data Table 1 ). In one asymmetrical unit, two molecules tightly interact with each other, forming a dimer in the lipid bilayer ( Fig. 2 and Extended Data Fig. 4) . The dimer interface of L. biflexa SemiSWEET is highly similar to that of Vibrio sp. SemiSWEET, despite only modest sequence similarity (15% identity), strongly supporting the notion that the dimeric architecture is a common feature of SemiSWEETs. At the interface of two protomers, L. biflexa SemiSWEET contains a large cavity immediately above its centre (Fig. 2b) . In contrast to Vibrio sp. SemiSWEET, the cavity of L. biflexa SemiSWEET is completely sealed from solvent. Near the extracellular side, D57 from one protomer forms hydrogen bonds with Y51 from the other protomer (Fig. 2c) , shielding the cavity from the extracellular solution. This structure may explain the high conservation of D57 and Y51 across the SemiSWEET, SWEET and MPC families 2, 4, 8, 9 : these residues form the cap on top of the cavity in the 'occluded' state, and cross-protomer interactions may facilitate the formation of this conformation. At the centre of the cavity, there is a strong non-protein electron density, the identity of which cannot be unambiguously determined at this resolution (Fig. 2d) . The flat-shaped density is surrounded by W48 and N64 (equivalent to W59 and N75 in Vibrio sp. SemiSWEET) from both protomers. The antiparallel aromatic ring of tryptophan (W) from each protomer is within 4 Å of the putative substrate and may interact with and stabilize the putative substrate in the pocket. The precise mode of interaction is unclear but possibly involves hydrogen bonds and stacking interactions. The asparagine (N) side chains point to the putative substrate and are in close proximity, probably contributing to substrate binding. These structural observations implicate W48 on TM2 and N64 on TM3 as critical in substrate binding and translocation.
To assess the roles of W48 and N64 in sugar transport, we generated alanine substitution mutants of L. biflexa SemiSWEET and tested their transport activity. In cell-based radiotracer uptake assays, a glucoseuptake-deficient Escherichia coli strain 23 expressing wild-type L. biflexa SemiSWEET showed a significantly higher glucose uptake than controls, consistent with the homology-based prediction that L. biflexa SemiSWEET transports sugar. When W48 or N64 was mutated to alanine (W48A or N64A), glucose uptake was markedly reduced to a level similar to that in controls (Fig. 3a) . We did not detect significant glucose uptake activity by Vibrio sp. SemiSWEET (data not shown). Furthermore, alanine substitutions of the corresponding tryptophan and asparagine in both THB repeats in A. thaliana SWEET1 (Extended Data Fig. 1 ), a glucose transporter, failed to complement the growth phenotype of a hexose-uptakedeficient yeast strain (Fig. 3b) . The mutations had no significant effect on the plasma membrane localization of SWEET1 in yeast (Extended Data Fig. 5 ). These results demonstrate that tryptophan and asparagine play critical roles in sugar transport in both bacterial SemiSWEETs and plant SWEETs and further support the notion that SemiSWEETs and SWEETs have the same basic architecture.
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SemiSWEET was captured in an occluded state (Figs 1c and 2b) . Although L. biflexa and Vibrio sp. SemiSWEET have modest sequence identity, the monomer of L. biflexa SemiSWEET superimposes well onto that of Vibrio sp. SemiSWEET, with a main-chain root mean squared deviation (r.m.s.d.) of 1.1 Å over 66 aligned residues (Fig. 4a) . By contrast, pronounced differences were observed between dimers of L. biflexa and Vibrio sp. SemiSWEET (Figs 1b, 2a and 4b) . The dimer interface of Vibrio sp. SemiSWEET opens more towards the extracellular side than L. biflexa SemiSWEET and is ,10 Å wider at the extracellular surface (Fig. 4b) . This widening is achieved mainly through a ,10u rotation of the protomer around the part near the intracellular membrane surface (Fig. 4a) . To a lesser extent, a slight bending of the transmembrane helices of L. biflexa SemiSWEET towards the centre contributes to its more closed conformation. The conformational differences between Vibrio sp. and L. biflexa SemiSWEET indicate a 'rocker switch' mechanism and bear some parallels to structurally unrelated transporter families, such as MFS transporters and ATP-binding cassette (ABC) transporters, in which rigid body rocking between the transmembrane subdomains provides alternating access to the substrate 18, 19, 26, 27 . We propose that a similar rocking-type movement of two SemiSWEET subunits will result in two additional states, an 'inward open' conformation and an 'occluded, empty' state, to complete a transport cycle (Extended Data Fig. 7a ). It remains to be determined whether the transport cycle is coupled to proton transfer or operates by facilitated diffusion. SWEETs show properties that are consistent with facilitated diffusion or a uniport mechanism, including pH independence and low affinity 2, 4 . More detailed functional analysis informed by the structures may help to determine the exact transport mechanism of SWEETs and SemiSWEETs.
Eukaryotic SWEETs consist of two SemiSWEET-like units fused via an inversion linker transmembrane helix. Previously, it was unclear whether SWEETs were large enough to form a pore from a single heptahelical subunit or whether they would have to form a higher oligomer 3 . In light of the SemiSWEET structures with putative substrate binding sites at the centre of the dimer interface, we propose that the two THBs in a single SWEET can form the transport route. Mutagenesis analysis of SWEET is compatible with this hypothesis as it shows the functional conservation of key residues between SemiSWEET and SWEET proteins. SWEETs might form multibarrelled oligomers as part of a regulatory mechanism. Such regulation has been observed in GLUT family glucose transporters 28 , AMT1 family ammonium transporters 29 and NRT1 family nitrate transporters 30 . Finally, MPCs 8,9 contain a related THB, and our data are consistent with the observation that two copies of MPC are required to produce a functional transporter, probably by forming a heterodimer. SemiSWEET dimers. Left, protomer A of the two structures was superimposed and structurally aligned well. Right, protomer B of the two structures showed ,10u rotation between the protomers when protomer A was superimposed. b, A ribbon representation of Vibrio sp. SemiSWEET shows that it opens up more to the extracellular side than does L. biflexa SemiSWEET. TM1 was removed for clarity, and selected residues are shown as sticks (colours are as in Fig. 1) . The cross-protomer distance between L2-3 is shown as a dashed line. . Transport activities were normalized to that of the wild type (WT) (mean 6 s.e.m., n 5 3). The uptake by the WT was significantly different from that by the control or the mutants (two-tailed t-test, P , 0.01). b, Functional analysis of A. thaliana SWEET1 transport activity in the hexose-transport-defective yeast strain EBY4000. W56A and N73A (first THB) and W176A and N192A (second THB) mutants failed to complement the growth defect of EBY4000 in synthetic medium supplemented with 2% glucose as the sole carbon source. Growth was unaffected in a control medium containing 2% maltose. Empty vector and A. thaliana SWEET1 were used as the negative and positive controls, respectively.
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METHODS
Protein expression and purification. Full-length L. biflexa serovar Patoc SemiSWEET (GI:183221000) and Vibrio sp. N418 SemiSWEET (GI:497419526) genes were codonoptimized and cloned into the pJexpress411 vector containing sequences for a 3C protease cleavage site and a histidine (His) tag (DNA2.0). E. coli BL21(DE3) was transformed, and cells were first grown at 37 uC until the optical density at 600 nm (OD 600 ) reached 0.8. Then, the temperature was lowered to 22 uC, and overexpression was induced with 0. After collection of a complete native data set at 0.97920 Å , the same crystal was used for native sulphur single-wavelength anomalous diffraction (SAD) data collection at 1.7712 Å . Data were collected over 540u in three separate wedges to minimize radiation damage and increase redundancy. The wedges were merged using XDS and SCALA as implemented in RAPD (https://github.com/RAPD/RAPD) 31, 32 . The diffraction data for L. biflexa SemiSWEET were collected at beamlines 23ID-B and 23ID-D of the Advanced Photon Source. Typically, the crystals were initially rastered with an 80 mm 3 50 mm beam with fourfold attenuation and a 1-s exposure; subsequently, they were sub-rastered with a 20-or 10-mm beam. Data collection was performed with a 10-mm beam. In most cases, wedges of 20-40u could be collected from each crystal, except for a few cases for which data were collected from more than 100u wedges. The diffraction data were processed and merged with HKL-2000 (ref. 33) . Structure determination. For Vibrio sp. SemiSWEET, the sulphur sites were determined using SHELXC/D 34 . Phasing was improved with AutoSol, and an initial model was built using AutoBuild from PHENIX 35 , as implemented in RAPD. This model was used as the search model to perform molecular replacement against the native data using Phaser 36 . The model was completed through manual rebuilding in Coot and iterative refinement with phenix.refine. In the final model, 97.9% of residues fell in the favoured region in the Ramachandran plot, and 2.1% of residues were in the allowed region. The initial phase of L. biflexa SemiSWEET was obtained by molecular replacement using a search model created by phenix.sculptor based on sequence alignment with the linker loops removed 35 . The phase was further improved by MR-SAD using Phaser and extended to 2.4 Å through non-crystallographic symmetry averaging with the program DM 36, 37 . The model was manually rebuilt in Coot and iteratively refined in PHENIX 35, 38 . In the final model, 100% of residues fell in the favoured region in the Ramachandran plot. All structures were checked by MolProbity, and the figures were prepared using PyMOL 39, 40 .
Crosslinking of SemiSWEET. The protein was purified as described above except that buffer containing 10 mM HEPES, pH 7.5, 150 mM NaCl and 0.05% DDM was used for gel filtration. Around 15 mg protein was used in each reaction containing no disuccinimidyl suberate (DSS; 0.02 mM, 0.2 mM and 2 mM DSS). The reactions were carried out at room temperature for 30 min and stopped with 50 mM TrisHCl, pH 8.5. Aliquots of the reaction mixture were separated on SDS-PAGE gels (Any kD Mini-PROTEAN TGX Gel, Bio-Rad) and stained with Coomassie blue.
Cell-based uptake assay. The glucose-transporter-deficient E. coli strain JM1100 was obtained from the Yale Coli Genetic Stock Center. Uptake assays were performed similarly to a published protocol 41 . Wild-type and variant SemiSWEETs containing the indicated point mutations were subcloned into the pQE-80L vector. E. coli cells containing plasmids were grown in LB medium at 37 uC and were induced with 50 mM IPTG for 30 min when the OD 600 reached 1.5. The cells were harvested by centrifugation, washed twice with MK buffer (150 mM KCl and 5 mM MES, pH 6.5) and then resuspended in MK buffer to an OD 600 of 2.0. Glycerol (20 mM) was added to energize cells 5 min before a mixture of 2 mM D-[ 14 C]glucose and 1 mM D-glucose was add to start the uptake reaction. After a 1-min incubation with glucose, the cells were filtered through 0.22-mm cellulose acetate filter membranes (Millipore) under a gentle low vacuum. The membranes were immediately washed with 1 ml ice-cold MK buffer three times and then taken for liquid scintillation counting. Control experiments were carried out on cells containing an empty pQE-80L vector. All experiments were performed at room temperature and were repeated at least three times. SemiSWEET variants showed a similar membrane expression level to the wild-type protein, by preparing the membrane fraction and following the same protocol as for expression and purification of the wild type. Plasmid constructs. SWEET1 mutants were generated by site directed mutagenesis on the pDONR221-SWEET1 vector using the following primers: SWEET1-W56A, forward 59-GCgtatggacttccctttgtgtc-39, reverse 59-agcagagaggagacagttgag-39; SWEET1-N73A, forward 59-GCtggcacaggagcagtgat-39, reverse 59-gattgtgctcacaagtgtgtt-39; SWEET1-W176A, forward 59-GCgttcgtctatggtctaatcgg-39, reverse 59-cgaagtaccac agaggaagac-39; and SWEET1-N192A, forward 59-GCtgggtttggatgtgcatta-39, reverse 59-tgggattgcaacaaaagg-39.
The sequences of SWEET1 and SWEET1 mutants were cloned into the yeast expression vectors pDRf1-GW and pDRf1-GW-eGFP 3 by LR reaction (Life Technologies). The empty vector negative control was generated by replacing the Gateway cassette in the destination vectors with the sequence CAGCTG. Complementation of the yeast mutant EBY4000. The yeast strain EBY4000 [hxt1-17D::loxP gal2D::loxP stl1D::loxP agt1D::loxP ydl247wD::loxP yjr160cD::loxP] 42 was transformed with SWEET1, SWEET1 mutants or the empty vector using the lithium acetate/SS carrier DNA/PEG method 43 . Transformants were selected on synthetic medium (0.17% YNB and 0.5% (NH 4 ) 2 SO 4 ) supplemented with 2% maltose and auxotrophic requirements. For complementation growth assays, cells were grown in liquid medium containing 1% yeast extract, 2% peptone and 2% maltose (YPM) to an OD 600 of ,0.6 and then diluted to an OD 600 of ,0.2 in water. Tenfold serial dilutions were plated on synthetic medium containing either 2% maltose (as a control) or 2% glucose, in addition to the respective auxotrophic requirements. Growth was documented by scanning (CanoScan, Canon) after 4 days at 30 uC. A representative sample from three experiments is shown in Fig. 3 . Fluorescence microscopy. Fluorescence imaging of yeast was performed on a Leica TCS SP5 microscope. Cells were grown in YPM medium to an OD 600 of ,0.6 and then transferred to water for imaging. Fluorescence was detected with a glycerolcorrected 633 objective at 488 nm excitation and 492-600 nm emission. Image analysis was performed using Fiji software (http://fiji.sc).
